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Fig. 1. We propose a real-time Time-of-Flight (ToF) rendering method inspired by ReSTIR, a state-of-the-art technique for steady-state real-time rendering,
augmented with a novel path-length-aware shift mapping. (A) Compared to conventional path tracing and naive path reuse adapted from steady-state
ReSTIR [Lin et al. 2022], our method produces improved visual results for both time-gated image rendering and transient histogram rendering in dynamic
scenes at interactive frame rates. (B) We further demonstrate two interactive downstream applications enabled by our renderer. For non-line-of-sight (NLOS)
reconstruction, we recover hidden voxel geometry using temporally focused imaging [Pediredla et al. 2019a], where time-gated image simulation with our
method reliably reconstructs the shape of the teapot. We also simulate NLOS navigation tasks [Young et al. 2025], where the reduced noise in our rendered
transient histograms enables robust neural network inference and reliable path planning, whereas baseline methods fail to produce safe paths due to noise.

We present a novel spatio-temporal reuse framework for time-resolved light
transport, enabling efficient Monte Carlo rendering of time-of-flight (ToF)
phenomena such as time-gated imaging and transient light capture. Existing
ToF rendering methods are computationally expensive, scale poorly to com-
plex dynamic scenes, and are therefore unsuitable for applications with strict
latency constraints. To address this limitation, we draw inspiration from
ReSTIR, a reuse-based technique for steady-state real-time rendering, and
adapt its core principles to interactive-rate ToF simulation. However, naively
applying existing ReSTIR methods to ToF rendering leads to severe ineffi-
ciency, as reused paths frequently violate optical path-length constraints
and thus contribute little or no signal. We overcome this challenge by in-
troducing a path reuse formulation that explicitly enforces physically valid
optical path lengths. The key idea is path-length-aware shift mapping, a
geometric transformation based on Newton’s method that adjusts reused
light paths to satisfy temporal gating constraints, inspired by specular mani-
fold exploration in steady-state caustics rendering. The resulting framework
substantially improves the efficiency of ToF rendering across a wide range
of scenarios, including complex scenes with glossy or specular materials and
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dynamic motion. Our method supports both time-gated and transient ren-
dering at interactive frame rates, enabling simulation under practical latency
constraints. We demonstrate the effectiveness of our approach through two
downstream applications, including shape reconstruction and navigation.
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1 INTRODUCTION

Light travels fast, but not infinitely fast—and even small delays in a
photon’s arrival carry rich information about the physical world.
Time-of-flight (ToF) imaging leverages this principle by emitting
controlled illumination and measuring when photons return to
the sensor after interacting with the scene. These time-resolved
measurements capture both direct reflections from visible surfaces
and multiply scattered transport, often originating from partially
or fully hidden objects. As a result, ToF imaging enables advanced
sensing capabilities—such as non-line-of-sight reconstruction and
material characterization in challenging environments—that are
inaccessible to conventional steady-state intensity cameras.
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Time-of- ight rendering provides a physically grounded way for
simulating measurements from time-resolved imaging systems and
plays an important role in understanding, validating, and develop-
ing modern ToF sensors. Such simulations support o ine analysis
and algorithm development, and enable the generation of ground-
truth datasets that may be di cult or impractical to acquire exper-
imentally. Beyond these o ine uses, improved rendering perfor-
mance enables ToF-based systems to be evaluated in interactive
and decision-driven settings. For example, applications such as real- Fig- 2. Overview of proposed path-length-aware reuse strategies. (A) Naive
time reconstruction, navigation, and closed-loop perception require path reuse ff_Om conventional Steadyjstate ReSTIR (e.g.z h_ybrid shi -
simulation to operate within strict latency budgets in order to be ~ MaPPing by Lin et al[2022]) ends up going outside of the valid time gate.

. - . . To address this issue, we introduce path-length-aware shi mapping, illus-

applicable. E cient and physically accurate ToF rendering there-

f dth f1i \ved simulation f . trated by the red arrow. (B) lllustration of a base path in the le pixel (blue),
ore, can extend the scope of time-resolved simulation irom o ine the naively reused path in the right pixel (orange), and the corrected path

analysi§ to interactive sensing .an.d perception ta.‘SKS- produced by our method (green), which satisfies the temporal constraint.
Despite recent progress, existing ToF rendering methods face a

fundamental trade-o . Physically accurate approaches [Jarabo et al
2014; Liu et §I2022; Marco gt aEOlQ; I_Dediredlg et.at019b1 are of- 2 RELATED WORKS
ten computationally expensive and limited to o ine use, while faster ] ) )
methods [Iseringhausen and Hullin 2020; Klein et2016] rely on 2.1 Time-of-Flight Imaging
simpli ed assumptions such as reduced geometry, materials, or light Here, we review representative ToF imaging systems that acquire ei-
transport. As a result, current techniques struggle to achieve both ther transient measurements sequences of time-resolved images or
e ciency and physical generality in dynamic, large-scale scenes.  time-gated measurements, which capture a single image within a
Motivated by these limitations, it is natural to ask whether tech-  narrow temporal window. Jarabo et gP017] provide a more com-
nigues developed for real-time physically based steady-state render- prehensive review.
ing (e.g., games or commercial rendering) can be adapted to support  One common approach employs high-speed optical gating to se-
interactive and scalable ToF simulation. In particular, reuse-based lectively detect photons that arrive within short temporal windows
methods from Monte Carlo path tracing provide a promising start-  after pulsed illumination. Intensi ed CCD/CMOS cameras achieve
ing point, as they aim to reduce computational cost while preserving this using a fast-gating image intensi er, allowing selective cap-
physical correctness. Reservoir-based spatio-temporal resampling, ture of early or late light within sub-nanosecond windows [Cester
so-calledReSTIRBItterli et al. 2020] and related approaches [Lin et al 2019]. By shifting these gates over repeated acquisitions, a full
et al 2022; Ouyang et a021] are representative methods in this  transient pro le can be reconstructed. Streak cameras achieve even
direction, demonstrating how aggressive spatio-temporal reuse can ner temporal resolution by mapping photon arrival times to spatial
scale path tracing to dynamic and interactive settings. However, de ections, enabling picosecond-scale measurements [Velten.et al
these methods are fundamentally designed for steady-state ren- 2012, 2013]. Single-photon avalanche diode (SPAD) sensors have
dering and do not account for optical path length. When applied emerged as compact, scalable detectors operating at the level of indi-
directly to ToF rendering, reused paths frequently violate temporal vidual photons [Zappa et aR007]. In time-correlated single-photon
constraints, leading to invalid contributions (Fig. 2). counting (TCSPC) mode, SPAD arrays time-stamp photon arrivals
To address these challenges, we introduce a path-length-aware to build transient histograms at each pixel [Gariepy et 8D15;
spatio-temporal reuse framework for ToF rendering. The key idea Henderson et al2019]. Continuous-wave ToF cameras are widely
is path-length-aware shift mappinghich geometrically adjusts a used for conventional range imaging, but transient information can
reused path so that its optical path length matches the active time also be recovered by multi-frequency phase measurements [Heide
gate (red arrow in Fig. 2). We formulate this adjustment as a con- et al. 2013; Peters et a2015]. There are also interferometric ap-
strained root- nding problem and solve it using Newton's method.  proaches that measure optical phase with micron-scale path-length
Our approach is inspired by manifold exploration techniques for  sensitivity [Gkioulekas et al. 2015; Kadambi et al. 2016].
specular transport [Hong et aR025; Jakob and Marschner 2012; ToF imaging has become an important tool in computational
Lehtinen et al 2013], but is adapted to enforce path-length con- imaging and robotics. Time-resolved transient measurements en-
straints speci c to ToF rendering. By incorporating path-length  able advanced tasks such as non-line-of-sight (NLOS) reconstruc-
awareness into ReSTIR-style reuse, our method enables scalablegion [Buttafava et al 2015; Kirmani et a2011; Laurenzis and Vel-
and e cient simulation of ToF sensors in complex, dynamic envi- ten 2014; Somasundaram et 2023; Tsai et aR017; Velten et al
ronments. Our reuse strategy supports both per-frame image and 2012], separation of direct and indirect transport [O'Toole et al
transient histogram rendering, and we demonstrate its e ectiveness 2014; Wu et al2014], and robust perception for autonomous naviga-
in two downstream NLOS applications: shape reconstruction and tion [Young et al 2025]. Time-gated imaging has a narrower range

inference-based navigation (Fig. 1). of applications but remains e ective for depth-selective sensing in
The code and data are available on the project page autonomous vehicle [Grauer and Sonn 2015] or military applica-
tions [Baker et al2004], and some NLOS applications [Pediredla

Lhttps:/fjuhyeonkim95.github.io/project-pages/tof_restir et al 2019a]. Additionally, transient capture realized by shifting
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gating delays behaves as time-gated imaging for dynamic scenes,inspired by modern real-time steady-state rendering techniques,

since each gate samples a slightly di erent con guration.

2.2 Time-of-Flight Rendering

Time-of- ight (ToF) rendering simulates measurements from tran-
sient and time-gated sensors by explicitly incorporating optical path
length into light transport. Following Liu et al[2022]; Pediredla

et al [2019b], we use this term to refer to both transient render-

while explicitly accounting for temporal constraints.

2.3 Spatio-Temporal Path Reuse

Reservoir-based spatiotemporal reuse, or ReSTIR, has recently trans-
formed steady-state real-time Monte Carlo rendering [Bitterli et al
2020]. ReSTIR leverages an importance-resampling strategy [Talbot
et al 2005] to reuse light samples across neighboring pixels and

ing (time-resolved image sequences, i.e., histogram) and time-gated successive frames, achieving high-quality results with only a few

rendering (single images within a temporal window).

A key challenge shared by both ToF rendering tasks arises from
the presence of a narrow temporal manifold induced by a time gate
or a temporal bin. As a result, naive steady-state rendering algo-
rithms tend to fail, since most sampled light paths fall outside the
valid temporal range and contribute nothing. For transient render-
ing under a static scene, this can be partially mitigated by sharing
samples across all temporal biRswhere each sampled path is ac-
cumulated into its corresponding time bin [Adam et &016; Ament

samples per pixel. Follow-up works have extended these principles
to global illumination [Ouyang et al2021], volumetric transport [Lin
etal 2021], general multi-bounce path tracing [Lin et 2D22], depth

of eld and antialiasing [Zhang et al2024], motion blur [Liu et al
2025], BDPT [Hedstrom et &2025], path guiding [Zeng et a2025],

and specular manifold sampling [Hong et. &025]. These methods
excel in scenarios where spatial and temporal coherence can be ex-
ploited, achieving high-quality results with real-time performance
even in complex scenes. However, they assume a steady-state setting

et al. 2014; Jarabo 2012; Marco 2013], performing histogram density and are agnostic to optical path length. As a result, when directly ap-

estimation. To obtain accurate transient pro les, a small bin width
is required, but this often leads to noisy histograms. To address
this issue, Jarabo et.d2014] introduced progressive kernel-density
estimation in the temporal domain, trading variance for bias. This
was later extended to progressive spatio-temporal density estima-
tion using photon beams [Jarosz et 2011] under participating
media [Marco et al2019]. An alternative strategy of the temporal
blurring is directly determining the time stamp and only sampling
light paths that are valid at that speci ¢ time stamp. This is essential
for time-gated rendering and also bene cial for transient rendering,
as uniformly distributed samples are helpful for kernel density esti-
mation. Prior work has explored path-length-constrained sampling
in participating media [Jarabo et a2014] and surface transport
via ellipsoidal path connection [Pediredla et 2019b], while more
recent methods slice photon primitives into temporal wavefronts
for e cient Itering [Liu et al. 2022].

Beyond forward rendering, di erentiable ToF formulations [Wu
et al. 2021; Yi et al2021] and extensions to Doppler e ects [Kim
et al. 2025, 2023] have also been explored.

From a performance perspective, none of the previous ToF ren-
dering methods targeted interactive rate rendering for complex

plied to ToF sensors, reused paths often become temporally invalid
and fail to yield meaningful variance reduction.

2.4 Sampling on Specular Manifold

Sampling a narrow temporal manifold is closely related to sampling
specular manifolds in steady-state rendering. A representative ex-
ample ismanifold walk[Jakob and Marschner 2012], which proposes
nding valid specular paths from initially invalid mutated MCMC
paths using Newton's iteration. This idea was later extended to
half-vector space light transport [Kaplanyan et £014] and mani-
fold next-event estimation [Hanika et aP015; Zeltner et aR020].
Several follow-up works further improved specular manifold sam-
pling through techniques such as manifold path guiding [Fan et al.
2023; Li et al2022] and spatio-temporal reuse [Xu et 2023]. More
recently, Hong et al[2025] adopted sample-space partitioning to
improve specular manifold sampling and demonstrated its e ective-
ness when implemented within a ReSTIR framework. Our temporal
manifold path reuse is closely related to these specular manifold
methods, but di ers in the underlying degrees of freedom of the
constraint manifold. We address this di erence by introducing an
additional gauge condition to uniquely determine valid solutions.

scenes. Several fast radiosity-based approaches on GPU have been

proposed to accelerate simulation by modeling objects as Lamber-

tian patches [Klein et al2016] or interpolating radiance over mesh
triangle vertices [Iseringhausen and Hullin 2020]. However, these
methods are typically limited to two-bounce light transport and
often require heavy mesh preprocessing. Recently, some GPU-base
transient path tracers have also been introduced, but they are still
not designed for interactive purposes [Royo et al. 2022, 2025].
Overall, while physically accurate ToF rendering techniques exist,
they remain computationally expensive and di cult to apply to
large-scale, dynamic environments at interactive rates on a GPU.

This motivates the development of scalable ToF rendering approaches

2This is calledpath reusén Jarabo et a[2014]. This keeps the sampled path unchanged
over temporal bins, di erent from path reuse in ReSTIR, which is in a more aggressive
form that can even deform the path (e.g., reconnect to a new vertex) for reuse.

3 BACKGROUND
3.1 Time-of-Flight Rendering

The path integral formulation of conventional steady-state Monte
dCarIo rendering is given by [Veach 1997]
1

5ixod" 1x°
P

@)

where denotes the measurement at a pix®,is the set of all

possible light path&, consisting of verticegge "% , 5X° is the
path throughput and is its Lebesgue measure. For ToF rendering,
the path integral formulation is slightly modi ed as [Jarabo et.al
2014; Pediredla et al. 21019b]

190 = . g
P

1 1)_(00 51)_(0 d‘ 1)_(0

@)
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where, g is path-length importanf:mnction attimeg, and 1X°is
the optical path length de ned as . :01[: kx; 1 x kwhere[.

is the refractive index. For simplicity, we set the speed of light as
2 = 1throughout the paper. For transient histogram rendering, we
record a sequence of images for di eregt2 fgi """eggwhere is
the number of histogram bins.

3.2 Resampled Importance Sampling and ReSTIR

We next review the theoretical foundations of ReSTIR for evaluating
the path integral in Eqg. (1). This summary is based on Lin et al
[2022]; Sawhney et a]2022], and we recommend readers to read
the original papers for additional details.

3.2.1 Basic RIS (Same Domain, Same ReEampled Importance
Sampling (RIS) [Talbot et 22005] aims to estimate the integral of a
function 5 using a non-negative unnormalized target functiti®
in an unbiased manner. In its basic form, RIS begins by generating
" independent candidate samplé&e"""+Ggfrom a domain
according to a pdP that is easy to sample. From these candidates,
asingle representrilti'ye sampte= G is selected with a probability
proportional toFge g1 Fs, Where a resampling weight g is

Fg= ..i”-'“Gﬁ g, 8= 3)
The factor, gis known as theunbiased contribution weigfi CW).
The probability density function of the selected sampledenoted
by ? 1~°, which is required for traditional Monte Carlo integration,
is generally unavailable in a closed form. Instead, RIS computes the
UCW of the winner as

1,
‘?lc‘80

1 0
= o Feg
’ &1
which can be used as an e ective substitute ftr? 1~° [Bitterli
et al. 2020]. This yields the RIS estimator for an integrd&nd

higis= 5~° .” %)

Provided that? 1~°is non-zero whereveb~° ; 0 (i.e., over the
support of5), the estimator remains unbiased. A typical choice is
to set?@ = 5!@, so that RIS asymptotically achieves an ideal
importance sampling or zero-variance estimator.

(4)

3.2.2 Combining with MIS (Same Domain, Di erent PB$.can
be extended to incorporate multiple importance sampling (MIS)
when candidate samples are generated using di erent sampling
strategies (e.g., BSDF, light sampling), while still operating over the
same domain . In this setting, each candidate samigis drawn
from its own proposal distributior?g. To combine these samples
consistently, a resampling MIS scheme [Talbot 2005] is applied,
analogous to the balance heuristic [Veach 1997]. Speci cally, each
sample is assigned a mixing weight given by
210
. 78 & .
o1 79'@
These mixing weights replace the uniform factés" used in the
i.i.d. case (Eqg. (3)) and lead to the generalized resampling weight

Fe=<g'GMGQ’ & , 8= )

<g'@ =

(6)

?81 (_?80
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As long as the collection of proposal distributior®g jointly covers
the support of?, the resulting RIS estimator remains unbiased.

3.2.3 Generalized RIS (Di erent DomaRgsampling candidates
may be drawn from di erent target domains (reused across di erent
pixels or time steps), which makes the previous assumption that
all samples share the domain invalid. Generalized RIS [Lin et .al
2022] addresses this limitation by allowing candidate sam@es
to be drawn from di erent domains g, each associated with its
own target function?g. The key idea that enables resampling across
di erent domains isshift mappingwhich de nes a bijective transfor-
mation between domains. Note that shift mapping does not always
need to be successful, as we can reject the reuse if shift mapping
fails. Given a candidate samp@® 2 g, a shiftmap(g: g!

maps it to a corresponding samptg = (g!G® 2 . Under this
formulation, the resampling weight is given by

mé ,,
me

To compute the MIS weights g, Lin et al [2022] introduce a gener-
alized balance heuristic given by

Fg=<g~g@?~¢" 8

®)

L, S}

<g = fro ,: 81 S 9)
o1 97 979

where" gdenotes a con dence weight, and the terr from 8 is
de ned as? g~ = 7%5'G° mg lemg or 0 if (4 1 is not valid. This
formulation remains applicable even when tiig originate from RIS
steps, such as merging winner samples from neighboring pixels, in
which case the proposal densiflg may not be explicitly available.

Selecting a good shift-mappingis critical, since a sample that
is important in one domain may contribute little or nothing after
being mapped to another domain where the integrand changes sig-
ni cantly. A variety of shift-mapping strategies have been proposed
in prior works. Path reconnection [Lehtinen et &2013; Ouyang et al
2021] reconnects base and o set paths at the earliest compatible sur-
face interaction and performs well for moderately rough materials.
Alternative strategies include half-vector copying [Kettunen et al
2015] and random replay [Hua et.&2019], which are particularly
e ective for specular transport. To handle a broad class of materials
robustly, Lin et al [2022] propose a hybrid shift-mapping approach
that mixes path reconnection and random replay (Fig. 3).

We note that existing shift-mapping techniques are designed for
steady-state rendering, which tries to mat&ix° after the reuse. In
ToF rendering, however, the integrand additionally includes a path-
length-dependent term ¢* X°°, which introduces new challenges
that are not addressed by prior methods.

3.2.4 ReSTIReSTIR builds upon previous RIS-based resampling
strategies to enable sample sharing across pixels, both spatially
within a single frame and temporally across consecutive frames.
Rather than explicitly storing all' samples used in RIS, ReSTIR
employs Weighted Reservoir Sampling (WRS) [Chao 1982] to per-
form resampling in an incremental manner. This approach uses a
compact data structure, referred to aseservoirwhich stores only

the current winner sample and its associated contribution weight.
A typical ReSTIR pipeline proceeds through the following stages:
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Fig. 3. Baseline shi mapping (hybrid shi mapping [Lin et al2022]) trans-
forms the base pattx (blue) into an o set pathy (orange), with the re-
connection verte)p at y41= x4°. We further perturb the o set pathy to
y° (green) to satisfy the path-length constraint1y%® = 1x° X . Rather
than perturbing the entire o set path, we apply path-length-aware shi
mapping only at the reconnection vertex, similar to Sawhney et[2022].
(This figure is adapted from Fig. 6 of that paper to highlight the similarity.)

(1) Initial sampling: Generate multiple initial candidates and
apply RIS to select a single representative sample, which
is then stored in the reservoir.

Fig. 4. Specular material imposes a 2D constraint, which uniquely deter-
minesp? (function ofb% on the surface givem; and po. On the other hand,
path length imposes a 1D constraint, the feasilp@lies on an equi-distance
contour on the surface. To further reduce the degree of freedom, we intro-
duce an additional constraint, referred to as a gauge in this paper.

convenient to express the constraint as
o= 1ye, X (11)
whereX is a xed constant giverk; we retain this notation by a

slight abuse. Rather than modifying the entire o set paghwe only
adjust the reconnection vertep, following a strategy similar to

(2) Temporal resampling: Reuse samples across consecutive frame¥1€ localized mutation used by Sawhney et @022]. This further

often using motion vectors.

(3) Spatial resampling: Select reservoirs from neighboring pixels
and merge them into the current reservoir.

(4) Final shading: Compute the nal pixel estimate by evaluating
51~0 _ using the reservoir sample.

In the following sections, we describe how this ReSTIR framework
can be extended to support ToF rendering, where path-length con-
straints must be explicitly enforced.

4 PATHLENGTH AWARE SHIFT MAPPING

In this section, we introduce path-length-aware shift mapping strate-
gies that address the path-length mismatch arising from naive path
reuse. We further show e cient initial RIS sample generation from
previously proposed ellipsoidal path connections [Pediredla et al
2019b], oshrinkingfrom samples with wider gate, which also ex-
ploits path-length-aware shift mapping. Finally, we show how our
method extends to transient and Doppler rendering scenarios.

4.1 O set Path Further Perturbation

We begin with a baseline shift-mapping algorithm which transforms
a base pattx into a shift-mappedo set pathy. Speci cally, we
use hybrid shift-mapping [Lin et al2022] that uses random seed
replay and reconnect at the rst consecutive di use vertex (so called
reconnection vertgx corresponding to/4 in Fig. 3). Now, the goal
of path-length-aware shift mapping is to nd an additional mapping
( 1y 7! y9that further perturbs the o set pathy into a new path
y9satisfying a prescribed path-length condition

b= g0 X . (10)

whereX is a constant determined by the reuse con guration (e.g.,
X = 0for reuse within the same time gate, & = Cfor time-gate
shifting). Since we perform the transformation starting frof it is

simpli es the constraint into
pP= 10, X (12)

where 1p°is now path length sum from two adjacent vertices
p1°p2, on the o set path (corresponds tgzexs in Fig. 3). Because
our transformation is deterministic, we refer to it as a mapping
rather than a mutation.

4.2 Two-Dimensional Surface Parameterization

We focus on surface-based light transport and parameterize the
reconnection vertexp using a two-dimensional coordinate2 R2.
This parameterization may take various forms, such as barycentric
coordinates on a triangle, uv coordinates of an implicit surface, or
polar coordinates on a hemispherical shadow map. Our objective
isto nd a new surface coordinat&® that satis es the path-length
constraint:
ip®= 1 X (13)

Mathematically, this problem closely resembles the computation
of valid paths on thin (or delta) manifolds induced by specular
re ection [Jakob 2013; Kaplanyan et &014; Lehtinen et aR013].
As in prior work, we therefore employ Newton's method to solve
for b, However, there is a fundamental di erence between specular
manifolds and the path-length manifold considered in ToF rendering.
Specular constraints restrict two degrees of freedom from halfway
vector alignment, which locally determine a unique solution for
kP, In contrast, the path-length constraint introduces only a single
scalar constraint, leaving one remaining degree of freedorbdn
(Fig. 4). As a resulh®is not uniquely de ned under the path-length
constraint alone.

To resolve this ambiguity, we introduce an additional constraint,
which we refer to as ggauge conditioby analogy. This terminology
re ects the similarity to gauge xing in physics, where redundant
degrees of freedom are removed by enforcing invariance under a

ACM Trans. Graph., Vol. 45, No. 4, Article 89. Publication date: July 2026.
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Fig. 5. Methods for imposing an additional constraint. (A) A fixed-axis

gauge is reversible and easy to implement, but it may require traveling

a long distance to find a valid solution. (B) Tracing along the gradient

reduces the displacement, but it is not guaranteed to be reversible. (C) Our
average-gradient method uses gradients at both the start and end points,
ensuring reversibility. (D) Gradient flow is also bijective and yields small

displacements, but it is not based on Newton's method and requires many
small steps.

chosen constraint, although there is no direct physical connection
to electromagnetism. Assuming that a chosen gauge functior?
remains invariant under the shift, we can de ne a two-dimensional
constraint function as

1p%P
tbe [90 = 1b00

e X

1p°

This formulation yields a well-posed system that can be solved
e ciently using Newton iteration.

(14)

4.3 Selecting a Good Gauge Condition

A simple choice of gauge is a xed linear axis, e.gtp° = 0 b(Fig. 5-
(A)). This choice is reversible and easy to implement. However, it
often results in large displacements in surface parameter space,
which can negatively impact path similarity. To reduce deformation,
a natural alternative is to move along the gradient directiontb®
which locally minimizes vertex displacement (Fig. 5-(B)). However,
this approach is not reversible: starting frob? and reducing the
path length byX does not recovebunlessr 1P kr b®. This lack

of bijectivity violates the requirements for unbiased shift mapping.

Instead, we propose a bijective average-gradient gauge (Fig. 5-

(C)) which symmetrically depends on both the start and end points.
Speci cally, we de ne the constraint function

e X
1bo[93: 1o O 10 pp = 0
where< =1r 10 r 1b®0«2and' denotes a 90 degree rotation
matrix. Because the search directiendepends equally ots 9,
this formulation is symmetric and therefore reversible, ensuring
bijectivity and unbiasedness of shift-mapping. Practically, in many

1l 0

3

(15)

Newton's IterationNow we solve forb? using Newton's method,
initialized atb and iteratively updated using gradients:
|
|

m 1pe [90"

b9 = be mB

We use backtracking line search as Jakob and Marschner [2012]
for better step-size control. We also require the determinant of the
Jacobian of the shift mapping, which can be computed via implicit
di erentiation as

B, (16)

’

mB
det Hb

”

m
det m—g

Note that we still need to consider an additional Jacobian term that
transformsb to p to be applied to Egs. (8) and (9):

m
=det —

mb (17)

mB
mb

P
mp® _ " det9 O
np det )

det det

(18)

where =1npemB 2R3 Zis thelocal tangent frame
Both Newton's iteration and Jacobian evaluation require the par-
tial derivatives of with respect tobandhbP:

m _ ro1p®
mB~ < 052 %) o)
19)
m _ roie
mb < | 052 d pe)

which involve both the gradient and the Hessian af

Gradient and Hessian Evaluatiorhe gradient and Hessian of
can be evaluated by transforming derivatives with respecpta R3
into derivatives with respect td 2 R2. The path length is given by

Ip°=kpy pk, kpz pk and we can evaluate its gradient as
P1 P p2 p

rp = =1d;,d’= & 20

P ko pk kpp pk M ® (20)

whereded> are unit direction vectors and is the unnormalized
half-vector. The Hessian ofwith respect top is

dld)1 dzd)2 _
kot pk’ kpz pk

We can then transform the gradient with respect tp using the
local tangent frame,

2
rp—

(21)

cases, we could not easily see the biasedness of sample reuse using

the initial gradient only, as the moving distance is typically small
compared to the gradient variation. However, to maintain theoretical
correctness, we choose the average gradient method throughout
the manuscript. Meanwhile, we can also use mid-point gradient
< =r 11p p%«20 and this behaves similarly to using average
gradient. However, since our objective is to solve for the endpoint
kP, the midpoint method still requires evaluating a pathla, which
introduces additional overhead.
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rp =)t s (22)
Similarly, the Hessian with respect tois given by
rg=>) | & (23)
whereé& is de ned as
&2R%2 2%  ggg=1 & %bn‘:lg (24)

for 8¢ @ f1+2g. The second-order termfps mmk, which captures
surface curvature, can be evaluated for speci ¢ surface parameter-
izations. But it is practical to ignore this tern& = 0), e ectively
treating the geometry as a collection of in nitesimal at patches.
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Comparison with Gradient Flownother intuitive alternative
for handling the additional degrees of freedom is to follow the
continuousgradient ow b'B®, de ned by dbedB=r ! tbB° (Fig. 5-
(D)). This approach also guarantees bijectivity, but it is signi cantly
slower than Newton's method (linear vs. quadratic convergence).
Further discussion can be found in the supplementary material.

Cost of Newton's Iteratioin prior steady-state specular mani-
fold methods, the cost of Newton's iteration is a major concern,
as it often requires tracing long specular chains via ray tracing. In
contrast, for the path-length constraint in our setting, it su ces
to perturb a single path vertex. This signi cantly reduces the cost
of each Newton iteration, making it much less expensive than the
specular-manifold case. We note that this strategy does not directly
extend to mixed manifolds involving both specular and path-length
constraints, which we do not consider in this work.

4.4 Initial Sample Generation

So far, we have focused on the e cient reuse of valid samples using
path-length-aware shift mapping. However, time-gated rendering
also su ers from a low probability of generating valid initial samples,
as the time gate accepts only a very narrow range of path lengths.
In this subsection, we discuss strategies to address this issue.

4.4.1 |Initialization with Ellipsoidal Path Connecti@me approach

is to adopt existing techniques that explicitly target valid sample
generation for time-gated rendering, such as ellipsoidal path connec-
tion [Pediredla et al2019b]. Our path-length-aware shift mapping

is complementary to these techniques, and can therefore be com-
bined with them to improve the quality of initial RIS samples. Some
adjustments are required to make this approach suitable for GPU
implementation, which we discuss in the implementation section.

4.4.2 |Initial Sampling with Path-length Shrink Mapplngsome
cases, ellipsoidal path connection is not suitable, either because it is
too slow or because the geometry is not represented as a triangular
mesh. To address this, we additionally use path-length-aware shift
mapping for initial sample generation. The key idea is simple: we
rst sample paths using a wider time gate, and then shift (@hrink)
these samples into a narrower time gate. In this setting, the path-
length constraint in Eq. (10) becomes

1500 = 1 1 1x0 (25)

o, o°

where we usex? instead ofy? since no baseline shift mapping is
required. Here, g is the path length corresponding to the center
of the time gate, and denotes the scaling factor of the wider
time gate. The di erence between translation-based mapping (used
for spatio-temporal reuse) and shrink mapping (used for initial
sample re nement) is illustrated in Fig. 6. We can therefore reuse the
previous Newton iteration by settingk = L1 1x0 o o 1X°.
The only required modi cation is to scale the Jacobian determinant
by 1 . Importantly, note that we do not apply this shrink mapping
for all RIS samples, but only to the RIS winner, so the computational
cost is minimal.

Initial sample generation with shrink mapping can introduce bias
if used in isolation. This arises for two main reasons: (1) Newton's
method may become unstable when initial samples are far from the

Fig. 6. Two types of path-length-aware shi mappings are used for di erent
purposes. (A) Path-length translation mapping is used for spatio-temporal
path reuse. (B) Path-length shrink mapping is used for e icient initial sample
generation: samples are drawn from a wider time gate and then shrunk
back to the original gate.

target manifold, and (2) the support of the transformed paths may
be smaller than the valid time gate, causing the Jacobian correction
(scaling byle ) to be over-applied, which typically leads to darker
estimates. This bias can be eliminated by combining shrink-mapped
samples with canonical samples from the target (narrow) time gate
using proper MIS weighting (Eqg. (9)), which yields an unbiased
estimator. In practice, however, we nd that allocating all samples
to the wider time gate often provides stronger variance reduction,
which may outweigh the bias introduced by omitting canonical
samples. Further discussion is provided in the results section.

4.5 Extension to Transient Histogram Rendering

Our method is applicable not only to time-gated image render-
ing, which produces a two-dimensional image ( , ), but also to
transient histogram rendering, which outputs a three-dimensional
transient histogram ( ) per frame. By interpreting tran-
sient histogram as a sequence of time gates, we can directly apply
path-length-aware shift mapping independently to each histogram
bin. Compared to the image case, histogram rendering introduces
two di erences: (1) all reservoirs must be updated for each pixel,
increasing the reuse overhead, and (2) there is an additional reuse
dimension along the bin axis. An overview comparing path reuse
for image and histogram rendering is shown in Fig. 7.

Cost-to-Performance Analysfss mentioned earlier, a key chal-
lenge of path reuse in the histogram setting is the cost-to-performance
trade-o , as reuse can be expensive. Here, we provide a simple anal-
ysis to illustrate this e ect. Let the cost of tracing a path sample be

trace: and the cost of performing a path reuse operation heyse
For image rendering with path reuse, the total cost igace, reuse
For transient histogram rendering, reuse must be applied indepen-
dently to each bin, increasing the reuse cost by a factor pfvhile
the per-bin quality improvement remains unchanged. As a result,
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Fig. 7. (A) Time-gated image rendering whose per-frame outputis , ,

we can use temporal and spatial reuse. (B) Transient histogram rendering
whose per-frame outputis , has two di erences: (1) reservoir
update is more expensive as we need to update afeservoirs per pixel,
and (2) we can use not only temporal and spatial reuse but also bin reuse.

the relative cost-to-performance e ciency degrades by a factor of

trace, reuse

i (26)
trace, reuse

As increases, the e ectiveness of path reuse therefore decreases.

This e ect is particularly pronounced when reyseis large, for ex-

ample, when path reuse requires expensive path throughput recom-

putation. Refer to the results section for a detailed comparison.

Comparison with Jarabo et.§2014]'s "Path ReusEor initial
sample generation, we adopt the path reuse in Jarabo ef2014]
(which di ers from ReSTIR-style path reuse), even though our over-
all framework uses ReSTIR. Speci cally, we deposit each sample's
contribution into its corresponding time bin and use these as initial

samples for subsequent ReSTIR-style reuse. We consider the tran-

sient histogram as a sequence of time-gated images and apply reuse
independently for each bilonly during the ReSTIR-style path reuse.

4.6 Extension to Doppler Frequency Rendering

The path-length constraints introduced in the previous sections
can be naturally extended to the frequency domain induced by
the Doppler e ect. Analogous to the time-resolved path integral
in Eq. (2), the frequency-resolved power spectral density (RSE)
resulting from Dopplerlshift [Kim et al. 2025] is given by

( 1a0 = , a 1| 1)‘(00 51)‘(0 d‘ 1)_(0” (27)
Here, j is afrequency weight similar tg g, andl 1x° denotes the
path frequency derived from thpath velocityD*x° = d% 1x°. This
can be expressed as
61
Dxe = [.v. V. 1° a: * (28)
1 =0

Where(:{ is the unit vector fromx, tox, ;andv. = dQCX; denotes
the instantaneous velocity at each vertex. The path velocity induces
a Doppler frequency shift given by 51x° :  D'x%2, whereh is
the carrier frequency.

Rather than constraining the optical path lengthp®, we impose
a constraint on its temporal derivativeft 1p° i.e., path velocity.

3For chirped laserd, depends on both path length and velocity. Here, we consider
only a standard (constant-frequency) laser, for whichx® = 2c  51x°.
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Fig. 8. (A) Path lengthb® on the plane, forming ellipsoidal iso-value
contours. (B) Temporal derivative of path Iengtlg% 1h°, on the plane
under three di erent scenarios: (1) the plane moves upward, g2moves
away, and (3) the plane rotates, each producing distinct iso-value contours.

This constraint de nes a di erent manifold from the path-length
manifold considered earlier. We visualize examples of manifolds in-
duced by path-velocity constraints in Fig. 8 for three di erent cases.
A comparison between time-gated and frequency-gated rendering
is also summarized in Tab. 1. Overall, the same path reuse frame-
work can be applied by substituting the path-length constraint with
the path-velocity constraint. Full derivations of the corresponding
gradients and Hessians are provided in the supplementary material.

Table 1. Comparison between time-domain and frequency-domain formu-
lations and their corresponding constraints.

Time Domain Frequency Domain
Measurement  Transient signatg® PSD( ta°
Depends on Path Length Path Velocity
Notation 1%0 D= & ixe
Constraint 1plo = 100 x 8 apbo = 4 gl XD

5 IMPLEMENTATION DETAIL

Reservoir Implementatio®@ur reservoir structure largely follows
the design of Lin et al[2022]. The main di erence is that we addi-
tionally store the next vertex of the reconnection vertex, and keep
the reconnection information (e.g., incident direction and radiance
used to recompute the path throughput) at this next vertex rather
than at the original reconnection vertex. This di erence is illustrated
in Fig. 9. Note that for temporal reuse under dynamic lighting or an-
imated meshes, the reconnection information must be re-evaluated
to remain valid. For further details, see Lin et al. [2022].

Light SourceRather than considering general scene lighting, we
restrict our setup to delta light sources, which are commonly used
in ToF applications. Speci cally, we model a spotlight under two
regimes: (1) a collimated, laser-like case with a very small angular
extent, and (2) a point light like case with a large angular extent. In
the collimated case, we trace additional rays from the light source
to generate light samples prior to performing next event estimation
(NEE), similar to bidirectional path tracing. In the point light case,
we instead rely on direct NEE.

Ellipsoidal Path ConnectioBeveral modi cations are required
to adapt the original ellipsoidal path connection method [Pediredla
etal 2019b] to our setting. In the original approach, ellipsoid AABB
and ellipsoid triangle intersection tests are performed on the BVH
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Fig. 9. (A) Lin et al[2022] stores the hit record of the reconnection vertex
along with additional information (incident directiorl ; and radiance ) to
recompute the o set path throughput. (B) We additionally store the next
vertex a er the reconnection vertex and a ach this information to that
vertex instead of the original reconnection vertex. The red arrow indicates
path-length-aware shi mapping.

to gather all triangles that may intersect a given ellipsoid. However,
this strategy does not scale well on GPUs. For complex meshes, it
can produce thousands of candidate triangles, leading to excessive
memory usage and register spilling. Instead of explicitly collecting
all intersecting triangles, we sample BVH nodes using heuristic
weights. Each node is assigned a weight proportional to the total
area of the triangles it contains, and set to zero weight if it does not
intersect the ellipsoid. We also apply MIS between direct connection
and ellipsoidal path connection to robustly handle specular materi-
als. Finally, to avoid the complexity of a full BDPT implementation,
we restrict ellipsoidal path connection to NEE only.

6 RESULTS

We implement our algorithm within the Falcor framework [Kall-
weit et al. 2022] and conduct experiments with an AMD Ryzen Pro

Fig. 10. Comparison of th€ornell-Box scene with various objects and
materials under an equal time budget. Allimages are rendered at a resolution
of 1024 1024 with the maximum path depth set to 6.

only occur along ellipsoidal loci that satisfy the path-length con-
straint. In contrast, our proposed path-length-aware shift mapping

3955WX CPU and an NVIDIA RTX 3090 GPU. Most test scenes areProduces the best results across di erent scenarios, as it ensures

taken from Bitterli [2016]; however, to better mimic laser-based ToF
sensing, we replace the original scene light sources with a custom
delta light source. We report and visualize only indirect illumination,
as direct illumination under a delta light source is trivial.

6.1 O line Time-Gated Rendering with Spatial Reuse

We rstpresent o ine time-gated rendering results for theCornell-

Box scene with di erent material con gurations for initial valida-
tion. A collimated laser illuminates the upper region of the back
wall, with its direction parallel to the camera direction. The box size
is2 2 2 andthe time gate, which is a box function, is set to cover
05 25%0f the scene scale. For the ReSTIR con guration, follow-
ing Lin et al [2022], we use 32 path trees as initial candidates and
perform spatial reuse three times, each time considering ve neigh-

that reused paths remain valid across neighboring pixels, even when
they lie on di erent ellipsoids. Results for more scenes, including
convergence plots, are shown in Fig. 13. Our method consistently
achieves the best performance, while naive reuse can even perform
worse than plain path tracing due to its low reuse validity rate.

E ect of Time Gate WidthSimilar to Pediredla et a[2019b], we
compare results under di erent time-gate widthsgin Fig. 11. All
images are normalized by the time-gate width to ensure comparable
intensity levels. The error for di erent g 2 »'0051'0%is plotted
in Fig. 11 (A). We nd that our method is most e ective for narrow
time gates. As the time gate widens, naive path reuse is less likely
to violate the path-length constraint, making the additional compu-
tation for path-length correction less bene cial. In Fig. 11 (B), we
also report the path reuse success rate for both naive reuse and our

boring pixels within a 10-pixel radius. We compare three methods: method. For very small time gates, naive reuse achieves a very low
path tracing without any reuse, naive reuse based on ReSTIR-PT, success rate, which gradually increases as the time gate widens. In
and our proposed method. All methods are evaluated under the contrast, our method maintains a nearly constant and high reuse
same time budget. We report the mean absolute percentage error success rate across di erent time-gate widths. Notably, for very
(MAPE) as the evaluation metric, following Lin et al. [2022]. large time gate, the success rate of our method becomes slightly
The results are shown in Fig. 10. Path tracing produces noisy lower than that of naive reuse. This reduction is primarily due to
images, while naive reuse moderately improves image quality but failures in Newton's iteration or additional occlusion introduced
still fails to produce satisfactory results. Interestingly, naive reuse when moving the reconnection vertex. Overall, our method is most
exhibits ellipsoidal reuse patterns (highlighted by the white curved bene cial for narrow time gates, whereas naive reuse is su cient
arrow), as valid reuse without explicit path-length preservation can  for wider gates. The exact threshold depends on the scene, but we
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Fig. 11. (A) MAPE comparison under di erent time-gate widths within a
3-second time budget. (B) Comparison of path reuse success rates between
naive reuse and our method. Overall, our method performs best when the
time gate is su iciently narrow,5 10%of the scene size.

observe thatg below approximatelys 10%of the scene scale
serves as a practical boundary.

Gauge Direction ComparisdiVe demonstrate the e ectiveness
of the proposed gauge in Fig. 12. We evaluate horizontal, vertical,
and average-gradient directions under di erent coordinate systems,
including a local plane and a unit hemisphéreEach method is eval-
uated under an equal-time budget withg = 0'01 We observe that,
for each region, one xed axis typically performs better than the
other in terms of error, depending on the scene geometry. However,
regardless of the coordinate system, the gradient-based direction
achieves the best performance on average. We also report the mov-
ing distance of the reconnection vertexg{ (p°k) induced by Table 2. Newton iteration counts and success rates across di erent scenes.
each method and nd that our gradient-based approach consistently The actual success rate accounts for occlusion and Jacobian factors and is
results in the shortest displacement. In fact, moving distance is 2/Ways lower than the Newton success rate.
not a perfect indicator of path-throughput similarity, since shorter

Fig. 12. Comparison of gauge directions using fixed horizontal and vertical
axes, and the proposed average-gradient direction. Our method consistently
produces the best results, largely due to the reduced displacement.

displacements may break the similarity due to newly appeared oc- Scene #of Iter. Newton SR Actual SR
clusions. Still, we could observe a clear overall correlation between Cornell-Box 1.5267 0.9652 0.9356
shorter moving distances and reduced variance. Regarding the per- Cornell-Dragon 1.6499 0.9454 0.9027
formance, we could not nd a noticeable di erence when evaluating Veach-Ajar 1.5549 0.9578 0.9026
additional Hessians from using the gradient gauge direction. Kitchen 1.9003 0.9197 0.8127
Bedroom 1.9854 0.9199 0.8331
Newton's Iteration Statisticgve also report statistics for Newton's Staircase 2.2179 0.8664 0.7238
iteration. We set the convergence threshold1éoof the time-gate Bistro 2.3480 0.8455 0.6638

width and limit the maximum number of iterations to 5. Consistent
with the observations of Jakob and Marschner [2012], we nd that

approximately two to three Newton iterations are su cienttoreach  gpp and time. Compared to direct connection, ellipsoidal connec-
a valid solution, with a failure rate belovi0 15% The overall tion yields better results, although the improvement depends on
statistics are summarized in Tab. 2. HeNgwton SRlenotes the  the scene. Importantly, we nd that regardless of the initial sam-
Newton's iteration success rate arittual SRenotes the actual  ping strategy, our method consistently outperforms the baseline
path reuse success rate, which is consistently lower, as it excludes methods. The computational cost of ellipsoidal path connection is
samples that are occluded (from) or rejected due to excessive  sjgni cantly higher than that of direct connection by a factor o5
Jacobian factors. to 10 , depending on the scene which often necessitates the use of
narrower time gates to clearly observe its advantage. Our heuristic-
based ellipsoidal sampling strategy may be suboptimal, as it is not
the primary focus of this paper. Designing more e cient ellipsoidal
connection algorithms that are well-suited for GPU execution is an
interesting direction for future work.

Initialization with Ellipsoidal Path Connectio8o far, we have
used direct connection for initial sample generation, but ellipsoidal
path connection [Pediredla et £2019b] can also be employed for
this purpose, producing higher-quality initial samples. The results
are shown in Fig. 13. We present equal-time comparisons for di er-

ent strategies, along with convergence plots with respect to both 6.2 Evaluation of Path Length Shrink Mapping

4Each coordinate system has its own advantages and limitations, and we employ In th's_ SUbseCtlonj we evaluate the _prOpOSEd path-ler_lgth shrink
heuristics that leverage both. See the supplementary material for details. mapping as an e cient strategy for initial sample generation under
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Fig. 13. We implement ellipsoidal path connection [Pediredla et28119b], adapted to a GPU environment, and use it as an initial candidate generation.
Compared to a direct connection, an ellipsoidal path connection produces be er initial samples at the cost of increased computation time. Our method
improves the result regardless of the initial candidate generation method. The light source is collocated with the camera. f@dbk-Ajar scene, a collimated

laser is used, while a point light is used for the others. Image siz866 54Q and max bounce is set to 6.

narrow time gates. To clearly show the variance bias behavior, we (rightmost column of Fig. 14 (C)). This improvement arises because
disable spatial reuse in this experiment. We focus on two parameters: shrink mapping explicitly attempts to match path lengths, whereas

the relative width of the rough time gate, de ned as = gé°::h, and merely widening the time gate does not.
the fraction of samples allocated to the rough time gate, de ned as

oo rough Fig. 14 (A) reports the MAPE for di erent values

Performance Comparison with Ellipsoidal Path Conne&ione
shrink mapping is designed to address sampling di culties under

rough, ne
of 2 »'0:500/and’ 2 »0'0-1'0%evaluated at a xed ne time narrow time gates without expensive scene ellipsoid intersections,
gate of g =001 Overall, we observe that using a moderately larger we compare it with ellipsoidal path connection in Fig. 15. We use
rough time gate and allocating all samples to the rough gate yields ' =1and = 1Q Under an equal-spp constraint, ellipsoidal path
the best metric across di erent scenes. In Fig. 14 (B), we' x= 1'0 connection achieves the best performance, as it guarantees valid

and vary the value of . When the rough time gate is too small,  time-gated path samples. However, when compared under equal-
the bene t of using a wider gate is limited, and variance dominates  time budgets, our shrink mapping demonstrates an advantage, es-
the result. On the other hand, when the rough time gate becomes pecially in complex scenes where ellipsoidal sampling incurs huge
excessively large, the result becomes biased and typically darker overhead due to scene ellipsoid intersection tests. We also show
than the ground truth image, since the region mapped from the  shrink mapping with spatial reuse (red curve), which can further
rough time gate becomes smaller than the original ne gate. The improve performance, although it remains biased dué tg 1.

MAPE plot in Fig. 14 (A) suggests that an acceptable bias variance  |n summary, while shrink mapping does not guarantee exact
trade-o occurs for values between approximate0and 100 path-length correctness in the same way as analytic ellipsoidal in-
This range is scene dependent and also varies with the chosen time- tersection, it 0 ers a substantial performance advantage, particularly

gate width. at' =1, at the cost of bias, but without introducing blurring.
We further examine the e ect of sample allocation in Fig. 14 (C)

by varying" while keeping  xed. As discussed earlier, setting g 3 Real-time Time-Gated Rendering with Temporal Reuse
' 'Y 1and applying MIS between canonical samples from the ne
time gate and candidate samples from the rough time gate produces
an unbiased estimator. Setting= 1 completely ignores canonical
samples, resulting in a biased estimate that is typically darker than
the reference image, but with substantially reduced variance. De-
spite being biased, this approach does not introduce the blurring
artifacts observed when simply increasing the time-gate width alone

Path-length-aware reuse can also be applied to temporal reuse across
frames. Following Lin et a[2022], we use a single iteration of spatial
reuse with three neighbor selections and 8egap = 5 20(maximum

con dence in Eqg. (9)), while generating multiple initial paths per
frame. As in other ReSTIR-based methods, we exploit motion vector
information to determine the corresponding pixel from which to
fetch the reservoir in the previous frame. For simplicity, we use
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Fig. 14. Results of path-length shrink mapping using a rough time gate. (A)
When the rough time gate is too small, li le benefit is gained from widening
the gate, and variance dominates, whereas excessively large rough time
gates introduce bias. (B) Visually acceptable results are typically obtained
when the rough time gate is approximately 10 20 times wider than the fine
time gate. (C) Simply increasing the time-gate width leads to over-blurring
of scene details.

direct connection for initial samples here, but it can be combined
with ellipsoidal connection or shrink mapping described earlier.

Real-time Transient Renderinfe can exploit temporal reuse for
real-time transient simulation in static scenes, producing transient
images in a streaming fashion. This is less common in the ToF com-
munity than in gaming or real-time rendering, but it is still useful
for rapid inspection, as constructing a full histogram requires long
accumulation times. We visualize a real-time transient rendering
result for theClassroom scene in Fig. 16-(A).

Dynamic Scendle further demonstrate time-gated rendering in
dynamic scenes, which is relevant for simulating proximity cameras
or transient sensors that form image sequences by sweeping the time
gate. In Fig. 16-(B), we simulate a proximity-sensing drone equipped
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Fig. 15. Comparison between ellipsoidal path connection, direct connection,
and direct connection combined with shrink mapping. Under an equal-
spp constraint, an ellipsoidal path connection achieves the best quality.
However, for complex scenes where ellipsoidal sampling becomes expensive,
our method provides a more favorable trade-o under an equal-time budget.
We also show shrink mapping with spatial reuse as a red line.

with a xed time-gated sensor and a collocated point light hovering
within the Bedroom scene. Our method produces substantially
improved results compared to path tracing and naive reuse in this
dynamic setting, and can even faithfully reproduce mirror-re ected
regions. We also evaluate tiéLOS-Bunnyscene in Fig. 16-(C). In
this scene, the camera remains xed while a collimated laser beam
scans across the back wall, indicated by the red dot in the ground-
truth image. The time gate also shifts as the laser moves. Again, our
method yields superior results compared to baseline approaches.
We also demonstrate a downstream application for object shape
reconstruction under a similar scene setting, which is described in
detail in Sec. 7.1.

6.4 Evaluation of Transient Histogram Rendering

We also evaluate our algorithm on transient histogram rendering, as
discussed in Sec. 4.5. In this setting, the goal is to render a sequence
of transient images simultaneously, producing an output histogram
of sizel s, © per frame. An example of transient histogram
rendering is shown in Fig. 16-(D), where the camera moves forward
in the Veach-Ajar scene. We use a histogram bin count&f and

to limit reuse cost, we apply temporal reuse only. We nd that
our method produces higher-quality results for transient histogram
rendering compared to standard path tracing and naive reuse.

Cost-to-Performance Evaluation with Di erentWe evaluate the
e ectiveness of path reuse while accounting for its computational
cost under di erent values of . Speci cally, we measure rendering
error, execution time, and their product as a simple indicator of
cost-to-performance e ciency. For the metrierror time, lower
values indicate better cost-to-performance. Since second-order er-
ror decreases linearly over time, we use relative MSE as the error
metric. We evaluate several path reuse con gurations, including
temporal reuse, bin-wise reuse, and spatial reuse. All experiments
are conducted with 2 »s64/,while keeping the temporal width
of each histogram bin xed. Each con guration is rendered for 100
frames with an animated camera, and the same spp is used across
all experiments.
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Fig. 16. Four scenarios demonstrating the proposed path temporal reuse. (A) Streamed transient rendering in Elsisgimom scene. (B) Dynamic proximity
camera simulation in 8Bedroomscene. (C) Transient NLOS imaging with a time-gated camera and a moving collimated laser; this setup is also used in later
sections. (D) Transient histogram rendering with the number of bins set t& 64 Across all scenarios, our method consistently produces the highest-quality

results.
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